Introduction
Molecular hydrogen plays an important role in the metabolism of numerous aerobic and anaerobic microorganisms. The evolution or consumption of H 2 in nature is performed by a family of enzymes, known as hydrogenases, by catalyzing H 2 /H + interconversion reactions.
1 These enzymes are more efficient catalysts than platinum, which is used in industry to catalyze hydrogenation. The study of the structure and catalytic mechanisms of hydrogenases is not only due to curiosity, but may also prove crucial for finding new H 2 -activating catalysts with low cost, high efficiency and stability to help utilize H 2 as a clean renewable energy currency, known as the ''hydrogen economy. '' There are three known types of hydrogenase: [NiFe]-hydrogenase (in bacteria and archaea), [FeFe] -hydrogenase (in bacteria and eukaryotes), 1, 2 and Hmd hydrogenase -formally named H 2 -forming methylenetetrahydromethanopterin (methylene-H 4 MPT) dehydrogenase. 3 Recently, Shima et al. reported the crystal structure of Hmd hydrogenase. 4 Although, the three hydrogenases are not phylogenetically related, a common feature of the active sites is that they all contain a low-spin, nonredox-active iron ligated by at least one CO. 3 The function of the low-spin iron is thought to polarize H 2 so that it can be subject to electrophilic attack by the redox-active transition metals (Ni in [NiFe]-hydrogenase, and a second Fe in [FeFe]-hydrogenase) or the carbocation (C 14 of methenyl-H 4 MPT + in Hmd hydrogenase). The presence of CO ligand(s) is thought to tune the electrophilicity of the low-spin iron in trans-position to the potential H 2 -binding site for optimal heterolytic cleavage. 5 In addition, all three hydrogenases can be inhibited by extrinsic CO. Another important metal ligand of the active centers of all three types of hydrogenases in the key catalytic states is hydride (H À In Hmd hydrognease, a terminal H À ligand on the iron center has been proposed based on DFT calculations.
10
In the past several decades, numerous structural and functional model compounds of the active sites of these three types of hydrogenase have been synthesized and characterized by various spectroscopic methods.
11 These model compounds and the chemistry associated with them played an important role in helping us understand the catalytic mechanisms in the enzyme systems.
In an earlier study we reported the detailed spectroscopic characterization of a model compound, Fe(S 2 C 2 H 4 )(CO) 2 (PMe 3 ) 2 using nuclear resonance vibrational spectroscopy (NRVS), IR and Resonance Raman as well as density functional quantum calculations.
12 This compound contains a cis-(CO) 2 moiety and sulfur ligands similar to the iron center structure in Hmd hydrogenase. The results from this model compound study have then been used to interpret the NRVS spectra obtained from Hmd hydrogenase. The study showed that the combination of several vibrational spectroscopic techniques together with DFT calculations is a powerful tool to illustrate the bonding interactions between iron and surrounding ligands in model compounds, and further facilitate the identification of iron ligands in protein molecules.
In this paper, we use several vibrational spectroscopic techniques together with DFT calculations to study an iron carbonyl hydrido compound -[HFe(CO)(dppe) 2 ](BF 4 ) (1, Fig. 1 ). Our focus is to identify Fe-H vibrational interactions in this compound. The same compound with a different anion has been reported earlier by Landau et al. 13 The compound has an FeCO moiety with a H À ligand trans to CO. This is a good structural model compound mimicking the possible terminal H À binding to the Fe sites of [FeFe]-hydrogenase and Hmd hydrogenase. We used NRVS, IR and Raman spectroscopy in connection with DFT calculations to identify the Fe-H stretching mode and H-Fe-CO bending modes on 1 and its deuterated version, 1-D. The implication of the results of this work to hydrogenase enzyme studies will be discussed. This journal is ª The Royal Society of Chemistry 2010 very large differences in intensities. The ''classic'' way to identify particular modes, such as those involving the hydride, is to carry out isotopic substitution, and results from both H and D isotopomers are shown in the figure. Key mass-dependent shifts are illustrated by arrows in the figure, but these identifications were made based on arguments presented below, and are clearly not possible just from a casual inspection of the spectra alone. Some tentative assignments can be made based on previous vibrational spectroscopy studies of metal hydride complexes, [14] [15] [16] but argument by analogy has clear limitations. Here, we will discuss ways in which Fe-H stretching and bending modes can be identified through a combination of different spectroscopies and comparisons to results from quantum chemical calculations. A more detailed account of all of the spectra peaks, including fits using empirical force fields, is given elsewhere.
Results

NRVS, IR and Raman spectra
17
In the region between 1000 and 2000 cm À1 , no NRVS intensity can be detected (because of limitations in this technique), whereas many features are observed in IR and Raman spectra. In the IR spectra, both isotopomers give almost identical spectral features, showing only small intensity differences between 1100 and 1200 cm À1 and at about 1940 cm À1 . The feature at $1940 cm À1 can be assigned to a CO stretching mode, based on extensive studies on metal carbonyl complexes.
18
In the Raman spectra, although all the strong features at 1586, 1098, 1028 and 1001 cm À1 show no shifts upon deuteration, other small differences can still be observed. A weak feature is seen at 1851 cm À1 in the Fe-H species which disappears upon deuteration, being replaced by a weak feature at 1348 cm
À1
. If we assume the 1851 cm À1 feature is the Fe-H stretching mode, then the shift of this mode due to the isotopic substitution is predicted by a simple diatomic model to be $530 cm À1 to 1320 cm
. This suggests that the small feature near the 1348 cm À1 feature observed in the deuterated complex may be primarily an Fe-D stretch. Computational support for this assignment will be presented below.
At lower frequencies, one can search for Fe-H bending modes. The NRVS spectrum is the clearest, showing a complex feature with peaks at 719 and 746 cm À1 , which changes while a new feature appears at 613 cm À1 upon deuteration. This indeed involves Fe-H bending, as we discuss below. (There is a remaining feature in the deuterated spectrum in this region (730-740) which does not show up in the calculations. As discussed elsewhere, 17 the Mossbauer spectrum of both the H and D versions of the complex suggest that only one species is present, and we don't at present have an understanding of this feature.) No significant isotope shift is observed in the region below 600 cm À1 in either the Raman or IR spectra. View Online
In the 500-600 cm À1 region, the NRVS spectrum shows a feature at 550 cm À1 with a lower energy peak at 533 cm
, this feature shifts a little to 540 cm À1 with shoulders on both the lower and higher energy side in the deuterated spectrum. This feature can be assigned primarily to Fe-C-O bending and Fe-CO stretching modes with the Fe-C-O bending mode at higher energy. These modes, and other lower-frequency ones that primarily involve Fe-P motions, are discussed elsewhere. This journal is ª The Royal Society of Chemistry 2010 Faraday Discuss.
Computed spectra from DFT
DFT calculations were used to simulate IR, Raman and NRVS spectra, as shown in Fig. 3 to 5. The simulations reproduced the experimental data well, with almost one-to-one peak correspondence, especially for the Raman spectrum. In the IR simulations, the CO stretching mode was calculated at 1947 cm À1 close to the observed peak at 1939 cm
À1
. A 9 cm À1 down-shift of CO stretching mode was calculated by the DFT simulation upon deuteration; this is not observed in the experimental IR spectra due to the relative broad feature around 1940 cm À1 . In the simulated IR spectra, a very weak feature at 1851 cm À1 was calculated as Fe-H stretching mode, and it shifted to $1327 cm À1 upon deuteration. So there is no doubt that the feature observed at 1851 cm À1 in the Raman is the Fe-H stretching mode.
Other iron-hydride modes beyond the Fe-H stretch also help to establish the nature of the bonding around iron. Fig. 6 illustrates again the power of comparisons to DFT results, since the nature of the two bending modes can be clearly seen. In the lower frequency mode at 529 cm
, the H-Fe-C triplet remains nearly linear, whereas in the higher frequency modes at 727 and 746 cm À1 , there is bending about H-Fe-C as well as about the Fe-C-O. The NRVS spectra are clearly helpful in identifying these modes, since they allow one to focus on vibrations involving the iron atom. These modes are highly mixed, and the connection to the NRVS experiment is most clear in the higher frequency region, where a new feature near 613 cm À1 appears in the experimental deuterated spectrum and intensity near 719 cm À1 disappears (Fig. 2) . This shift is well-matched in the DFT results in Fig. 6 , and is similar to an Fe-H bending shift (from 783 to 573 cm À1 ) reported by Tuczek and co-workers for an FeHN 2 complex.
14 The lower frequency feature (at 529 cm À1 in the DFT calculation on the H isotopomer) may be the same as a shoulder in the experimental spectrum at the about the same location. There is no obvious correspondence in the experimental spectrum of the deuterated species, which is consistent with a number of peaks in the 400-500 cm À1 range with significant Fe kinetic energy. It is probably more correct to say that there is no single ''isotope shift'' for this bending mode.
In the 200-500 cm À1 region, the intensity was mainly derived from Fe-P stretching modes, P-C stretching modes from phenol ring C atoms, and Fe-P-C bending modes from both pdt ligand and phenol ring C atoms at the low frequency end. The strongest NRVS feature observed at 272 cm À1 was calculated as mainly Fe-P stretching modes in both H and D simulations. All the calculated modes below 500 cm À1 showed little shift upon deuteration, as expected. In the DFT simulation, the calculated features were generally lower in frequency than the experimental spectra. This is probably due to the fact that the Fe-ligand bond distances predicted in the DFT optimized geometric structure are $0.03 A longer than in the actual crystal structure. 17 The intensity between 100-200 cm À1 was mainly derived from Fe-P-C bending, P-Fe-P bending and C-Fe-P bending modes.
Discussion
In addition to their biochemical interest, the computed and observed vibrational spectra analyzed here provide an instructive example of how alternate spectroscopies, isotopic substitution, and electronic structure calculations can be used in concert to assign peaks and analyze vibrational motion. Perhaps the mode of greatest interest is the Fe-H stretch, since its frequency is expected to be directly related to the length and strength of the iron-hydride bond. This peak is outside the frequency range of NRVS spectra, and has essentially no intensity in the infrared spectrum. A very weak feature can be seen in the Raman spectrum at 1851 cm
À1
, but it would in fact be difficult to use this for an unambiguous assignment.
The ''classic'' way to confirm such an assignment is by isotope substitution, and one can indeed see a small feature in the Raman spectrum at 1348 cm À1 , shifted by the expected amount. But this is still quite a weak feature, and relies on having a ''clean'' spectrum in the relevant regions. Here is where computational methods can play a real role. DFT calculations (here at the PBE TZ2P/TZ2P+ level, with no scaling) reproduces experimental results very well. The deviation between the 
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experiment and DFT does not exceed $15 cm À1 and commonly much less. Since the nature of the modes is clear in the calculation, and since it is easy to use frequencies and intensities to correlate observed and calculated peaks, the identification of the Fe-H stretch is now completely straightforward. The calculations don't include anharmonic corrections, and have the usual limitations arising from the use of approximate functionals and limited one-particle basis sets; hence numerical agreement of any particular peak with the observed one may involve some cancellation of errors. But as long as the correlation of observed and calculated peaks is as clear as what is seen here, the benefits of a straightforward DFT calculation, with a large but accessible basis set, seem clear.
The analysis of hydride modes in iron-hydride complexes similar to this one has a long history. 14, [19] [20] [21] [22] In similar compounds, the Fe-H stretching frequency ranges from 1800 to 2000 cm
À1
, and Fe-H distances from 1.4 to 1.6
A. These high frequencies place the stretching modes outside the range of NRVS spectroscopy, but the results presented here show that bending modes can be intensified and assigned (both by isotopic substitution and by computation), in accord with earlier NRVS studies on high-spin iron complexes. 15 A key question regards the ability to identify such modes in the much more crowded, and possibly heterogeneous environment found in metalloproteins. Our previous report on a non-hydride state of Hmd hydrogenase and its comparison to a model compound 12 is encouraging in this respect, as are comparisons of proteins and model complexes in nitrogenase 23 and ferredoxins.
24,25
The successful identification of Fe-H vibrations in [HFe(CO)(dppe) 2 ](BF 4 ) using the combination of three different vibrational spectroscopic techniques together with DFT calculations should enable us to ask the question whether we can identify Fe-H binding in hydrogenase enzymes using the same methodology. Hmd hydrogenase should be the best system to study in the next step due to its relatively simple mononuclear Fe center. Recently, a DFT study on Hmd hydrogenase 10 proposed that the Fe center has a strong Fe-HdÀ/Hd+-O dihydrogen bond in the resting state of the enzyme with the presence of H 2 . Upon arrival of the enzyme substrate -Methenyl-H4MPT+ -this dihydrogen bond breaks and a hydride bond to the iron center is formed. Then the hydride is transferred to the substrate and the next H 2 cleavage initiates. By combining NRVS and DFT calculations, the identification of this proposed hydride through vibrational information, especially Fe-H bending vibrations, in the Fe center of Hmd hydrogenase should be feasible.
Methods
Synthesis of [HFeCO(dppe) 2 ]BF 4
The synthesis of 57 Fe-1 starts with the synthesis of 57 Fe(Cl) 2 (dppe) 2 . A slurry of 57 FeCl 2 (0.050 g, 0.39 mmol) in benzene (10 mL) was treated with dppe (0.34 g, 0.85 mmol), and the reaction mixture was heated to reflux for 3 h. The tan ferrous chloride dissolved to give a colorless solution, which precipitated a white microcrystalline solid. The reaction mixture was transferred via cannula to an air-free frit, and the solid was washed with hexane (3 Â 4 mL). The white solid was dissolved from the frit with thf, and solvent was removed under vacuum. Next, the synthesis of 
Nuclear resonant vibrational spectroscopy
NRVS is rapidly becoming a popular technique for probing the dynamics of Fe in metalloproteins. 26, 27 This measurement involves scanning an extremely monochromatic X-ray beam through a nuclear resonance. Apart from the zero phonon recoil-free M€ ossbauer resonance, there are transitions that correspond to nuclear excitation plus creation (Stokes) or annihilation (anti-Stokes) of phonons. The NRVS intensity for a given normal mode is proportional to the motion of the resonant nucleus j (in this case 57 Fe) along the direction of the incident X-ray beam.
27,28
For a randomly oriented sample, a NRVS transition for normal mode a contributes a fraction f a to the normalized excitation probability that is directly proportional to the Fe mode composition factor e ja 2 and inversely proportional to n a :
In the above equation, n a is the difference between the photon energy and the recoil-free nuclear resonance energy in wave numbers, n R is the recoil energy ($16 cm
À1 is the thermal occupation factor for a mode of frequency n a at temperature T, 28 and the recoil-free fraction f depends on hx 
The 57 Fe PVDOS can be extracted from the raw NRVS using the PHOENIX software package, 30 and the Fe mode composition factor e 2 ja for a given eigenvector can be calculated from a normal mode analysis via: Fe NRVS spectra were recorded using published procedures 32 on multiple occasions at beamline 3-ID at the Advanced Photon Source (APS) 33 and at beamline 9-XU at SPring-8, Japan. 34 The APS provided $2.5 Â 10 9 photons/s in 1 meV bandwidth at 14.4125 keV in a 1 mm (vertical) Â 3 mm (horizontal) spot. The APS monochromators consisted of a water-cooled diamond (1,1,1) double crystal monochromator with 1.1 eV bandpass, followed by separate Si(4,0,0) and Si (10, 6, 4) channel-cut crystals in a symmetric geometry. The flux at SPring-8 was $3.2 Â 10 9 in a 1.1 meV bandwidth; the monochromators there consisted of a liquid N 2 -cooled Si(1,1,1) double crystal monochromator, and asymmetrically cut Si (5, 1, 1) and Si (9, 7, 5) crystals. During NRVS measurements, samples were maintained at low temperatures using liquid He cryostats. Temperatures for individual spectra were calculated using the ratio of anti-Stokes to Stokes intensity according to S(ÀE) ¼ S(E) exp(ÀE/kT). Spectra were recorded between À30 meV and 90 meV in 0.25 meV steps. Delayed nuclear fluorescence and Fe K fluorescence (from internal conversion) were recorded with a single avalanche 1 cm 2 square photodiode (APD) at the APS and with an APD array at SPring-8. 35 Each scan required about 1 h, and all scans were added and normalized to the intensity of the incident beam.
FT-IR spectroscopy
Far and mid-infrared absorption spectra (100 to 2000 cm À1 ) were recorded at room temperature using a Br€ uker IFS 66 v/S FTIR spectrometer at 4 cm À1 resolution. The measurements were made using different medium materials, windows, beam splitters and infrared detectors. All the measurements were made using a broadband midinfrared source inside the FTIR spectrometer. The sample chamber was continuously pumped to <1 torr during the measurement to minimize the absorption of moisture vapor.
For the region of 100-500 cm
À1
, the sample was prepared as Nujol mulls and mounted in between two polyethylene windows. A 6 micrometre thick mylar beamsplitter (100-550 cm
) was selected in the FTIR spectrometer and a liquid He cooled Si bolometer was used to collect the infrared signal transmitted through the sample. For the region of 400-700 cm
, a KBr mixture with the sample was pressed and mounted in between polyethylene windows to prevent air from contacting the sample during measurement. A KBr beamsplitter and a liquid He cooled Si bolometer were used to collect the data. The region above 700 cm À1 was measured with KBr press/ZnSe windows/KBr beam splitter/region extended MCT detector (600-2000 cm
). All the samples were prepared inside a nitrogen glovebox. ), and has a maximum power of 525 mW. In our particular experiment, a reduced laser power of 50 mW is used to reduced the possibility of the samples from fluorescence and from radiation damage. No sample radiation damage was observed. The resolution was set to 4 cm À1 in agreement with the FTIR measurement on the same samples. The accumulation time was about 6 h for each sample. The FTRaman samples were loaded into 100 mm in length 4 mm in diameter quartz tubes inside a nitrogen glovebox (O 2 <1 ppm) and were wax sealed. Such sealed tubes were then inserted into a special aluminium sample holder inside the FT-Raman's sample compartment.
FT-Raman spectroscopy
DFT calculations
The PBE functional 36 as implemented in the ADF 2007.01 software, has been presently used for all the calculations. Our tests show that PBE performs very similarly to PW91
37,38 which we used previously to simulate NRVS spectra. 12 A TZ2P nonrelativistic valence triple zeta basis set with two polarization functions was used for all the atoms. An extra d Slater type orbital has been used to describe the iron center, meaning TZ2P+ basis set for Fe. The (unpublished) X-ray structure of [HFe(CO)(dppe) 2 ](C 2 H 4 ) 2 , which is very similar to the corresponding cyanide complex, 39 was used as a starting point for modeling. Together with the hydrogen atoms added, the size of the system is 108 atoms. The metal center is low spin Fe(II), and the total charge of the iron hydride complex is +1. The DFT optimized structure of the complex was further used for the analytic Hessian calculation and generation of the IR and Raman intensities as implemented in ADF. NRVS intensities were calculated using an in-house ''Q-SPECTOR'' program that analyzes the Cartesian normal mode displacements computed by ADF and other quantum chemistry programs. To mimic the experimental resolution, the DFT spectra were prepared using a convolution of the 'stick' intensities with 7 cm À1 broadening.
Lorentz line shape was chosen to simulate the IR and NRVS results, and Gaussian line shape was chosen for the Raman spectroscopy.
